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Abstract

In this paper, we present results showing that summertime precipitation anomalies

over North America and East Asia may be linked via pan-Pacific teleconnection patterns,

which are components of two dominant recurring global climate modes. The first mode

(Mode-l) features an inverse relationship between rainfall anomaly over the US

Midwest/central to the eastern/southeastern regions, coupled to a mid-tropospheric high-

low pressure system over the northwest and southeast of the US, which regulates low

level moisture transport from the Gulf of Mexico to the Midwest. The regional

circulation pattern appears to be a part of a global climate mode spanning Eurasia, the

North Pacific, North America and the Atlantic. This mode is associated with coherent

fluctuations ofjetstream variability over East Asia, and Eurasia, SST in the North Pacific

and the North Atlantic. While Mode-I is moderately correlated with ENSO, it appears

to be distinct from it, with strong influences from mid-latitude or possibly from higher

latitude processes. Results show that Mode-I not only has an outstanding contribution to

the great flood of 1993, it has large contribution to the US precipitation anomalies in

other years. Also noted is an apparent increase in influence of Mode-I on US

summertime precipitation in the last two decades since 1977.

The second mode (Mode-2) is associated with continental scale rainfall anomaly

over the US characteristic of the severe drought 1988. Similar patterns of precipitation



extremes,albeit with lessintensityarefound to occurin otheryears. Mode-2depictsa

largescalemid-tropospherichigh overmuchof the US continent,which appearsto bea

part of a wavetrain signal emanating from the subtropical western Pacific, across the

North Pacific to North America. Regression analysis suggests that Mode-2 is

dynamically consistent with Rossby wave dispersion excited from fluctuations of heat

sources and sinks the Indo-Pacific monsoon. Results from analysese keyed to the

regional fluctuations of the Asian monsoon confirm the presence of the teleconnection

signals linking precipitation anomalies over North America and East Asia.

Overall, our results suggest that summertime precipitation anomalies in the US may

be linked by teleconnections to Asian monsoon variability, via jetstream variability and

tropical heating embedded in global recurring climate modes. We argue that these

global modes may be important in better understanding of how the large-scale circulation

may provide the requisite pre-conditioning to facilitate regional land-atmosphere

interaction, leading to summertime severe droughts and floods over the North America

and East Asia.



1. Introduction

Severe droughts and floods caused by summertime precipitation extremes are among

the most costly natural disasters affecting the climate of North America. Yet compared to

wintertime severe weather, the mechanisms of summertime precipitation anomalies are

much less understood and the prospect for long-term prediction is not as promising (Mo

and Kalnay 1991). Causes of summertime precipitation anomalies have been attributed to

a large number of factors including tropical and extratropical sea surface temperature

(SST), large-scale atmospheric circulation, land surface processes, and land-atmosphere

feedback processes. Several earlier studies (Trenberth et al 1988, Trenberth and

Branstator 1992, Palmer and Brankovic 1989) suggested the possible influence of La

Nifia on the summertime droughts of 1988. Others have suggested the importance of

transient forcings (Chen and Newman 1998). Moreover, GCM simulation using only SST

anomalies without proper initial conditions, were largely unsuccessful in reproducing the

1988 drought (Mo et al 1991). Studies of the great flood over the US Midwest in 1993

led many authors to conclude that remote forcings including diabatic heating over the

western Pacific, and atmospheric transient forcings coupled with land surface processes

may be contributing factors (Trenberth and Guillemot 1995, Ting and Wang 1997, Mo et

al 1997, Liu et al. 1998, Bosilovich and Sun 1999, and Higgins et al. 1999).



Recentstudieshavedemonstratedthat thepotential predictability of USprecipitation

(both winter and summer)is dependentof the interplayof multi-scaleprocessesranging

from intraseasonal,interannual,decadalto secularchangesin theclimatesystem(Higgins

et al 2000,Mo 2000,andLivezey andSmith 1998). Up to now, mostof theobservational

andtheoreticalstudiesof U.S.droughtandflood havemainly focusedoncasestudiesfor

1988and 1993,deemedasepisodic events. Thesestudiesalso tend to emphasizethe

impactsof known naturalclimatecycles,e.g.the Madden-JulianOscillation, ENSO, the

Pacific Decadal Oscillations, and the North Atlantic Oscillations, on US climate

variability. Yet, there havenot beenmuch studiesof the root causesof summertime

precipitation variability over the US, especiallywith regardto the possibility that the

summertimeclimateextremesmay stemfrom regionalamplification of recurringglobal

climate modes,which may be distinct from thoseassociatedwith the aforementioned

naturalclimatecycles.

To identify possible recurring global modes affecting summertime regional

precipitationover the US,the sourceregionsfor energyandwaterhaveto beconsidered.

During borealsummer,themostdominant sourcesof energyandmoisturethat drive the

atmosphericgeneral circulation are found in the Asian monsoon region. Previous

investigators have noted that during boreal summer, convective heating over the

subtropicalwesternPacific nearthe Philippines can excite a wavetrain pattern that spans

the northern rim of the Pacific Ocean and North American (Nitta 1987, Huang 1985). Lau



andPeng(1992)andLau (1992)showedthat awavetrain-liketeleconnectionpatternmay

stemfrom marginally unstablenormal modesof the summertimelarge-scalemonsoon

circulation. Chen (1993)pointedout the importanceof summertimestationaryeddies

and their linkages to tropical SST and the Asian monsoonvariability. A number of

authors(e.g.Lau et ai 2000,Wanget al 2001,Li andZhang1999andothers)notedstrong

trans-Pacificwavesignalsemanatingfrom the SouthChinaSea,throughthe Aleutiansto

North Americaduring periodof enhancedEastAsian monsoonactivities. More recently,

Lau and Weng (2000) reported wavetrain patternsassociatedwith US summertime

precipitation that suggestapparent sources in the Asian monsoon. However, the

relationshipof thesewavetrainsto precipitation anomaliesover the US and over Asia

continentshasnotbeenfirmly established. In this paper,weexpandon theabovestudies

to explorethe root causesof summertimeprecipitationanomaliesover theUS continent,

with emphaseson the teleconnectionslinking the Asian monsoonand North America

precipitationandcirculationanomalies.

2. Data and Analysis Procedure

In this study, we use monthly mean rainfall of 102 divisions over the continental

United States from the National Center for Environmental Predictions (NCEP), monthly

mean wind and geopotential height fields from the NCAR/NCEP reanalysis (Kalnay et al.

1996), monthly sea surface temperature (SST) from the Hadley Centre for Climate

Prediction Research, the United Kingdom. The seasonal mean for the summer is



definedasthe averageoverJune-July-August(JJA), for all the field, exceptfor rainfall

wherethe 3-monthtotal is used. The analysisperiod is 1955-1998.All the anomalies

arecalculatedasdepartures from the temporal mean for the 1961-90 base period. Since

both interannual and longer time variability are expected to contribute differently to US

rainfall variability they should be studied separately. Accordingly, we decompose the

seasonal data into Fourier harmonics with the interannual component defined by

harmonics with periods from 2-8 years, and interdecadal components with periods longer

than 8 years, using a subroutine provided by J. Alquist, Florida State University. In this

paper, we only deal with the interannual component. We use Empirical Orthogonal

Function (EOF) to identify the dominant modes of US summertime rainfall and to

estimate the effective number of spatial degrees of freedom of the rainfall field

(Bretherton et al 1999). To explore the influence on rainfall variability due to a specific

forcing function i.e., SST or large scale circulation, we use the method of Singular Value

Decomposition (SVD) to identify the dominant rainfall patterns that are maximally

correlated with the chosen forcing function (WaIlace et al. I992).

In the present work, we use SVD analysis with the full awareness of its inherent

caveats, in particular the possibility that the selected modes may be non-physical (Cherry

1997, Newman and Sardesmukh 1995, Lau and Weng 2001). To ensure reliability, the

SVD computations have been carried out with the rainfall anomalies coupled to different

co-varying fields. In addition, the SVD results have been tested against EOF analysis and
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comparedto reconstructionof the observedrainfall anomalies,andto simpleone-point

correlationandregressionpatternsof variousdynamicalvariables to reassurephysical

consistencyandtherobustness.

3. Preliminary observations

In this section, we highlight basic features for the 1993 flood and the 1988 drought to

provide the background and motivation for the main analyses in subsequent sections.

a. Rainfall and Circulation anomalies in 1993 and 1988

Figure 1 shows the seasonal mean anomalies of rainfall over continental US and of

the global circulation in the summer of 1993. Notably, the rainfall anomaly is not only

restricted to the Midwest region, but appears in the form of a dipole with positive

anomalies over the Midwest and central northern states, and negative anomalies over the

eastern and southeastern states (Fig. la, left panel). The associated global 500 hPa

geopotential and 850 hPa wind patterns (Fig. lb, left panel) feature a zonally oriented

wavetrain along 30-50°N, stretching from the northeastern Asia/Japan region, across the

North Pacific, to North America and the North Atlantic. A second wave signal appears

over the land region of northwestern Europe, with possible connection to the Atlantic

anomalies across the polar region. Over North America, the most prominent feature is a

mid-tropospheric cyclone-anticyclone couplet linking the northwestern and the

southeastern states, with enhanced low level flow from the Gulf of Mexico to the

Midwest region. This circulation pattern is consistent with the enhancement of the low-
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level jet over the greatplainsduring the summerof 1993,asreportedin manyprevious

studies. In the tropics, the wind anomaliesaregenerallyweak. The velocity potential

anddivergentwind anomalies(Fig. lc, left panel)suggestanomalousrising motion over

thetropicaleasternPacificandsinkingmotionoverthemaritimecontinentandtheIndian

Ocean. Thesecirculation featuresare consistentwith the moderatewarming in the

tropicaleasternPacific during the summer of 1993.

During severe drought of 1988, the rainfall pattern shows a widespread negative

anomaly over the entire US continent, except the southwest region (Fig.la, right panel).

Again, the center of the rainfall anomaly is found over the Midwest and the central US.

The 500 hPa geopotential and 850 hPa wind anomalies show enhanced tropical and

extratropical activities (Fig. lb, right panel). An apparent wavetrain signal emanates from

the South China Sea/Philippines region, across Kamchaka and the Aleutians, to North

America and the Atlantic regions. A second wavetrain can also be seen over the

Eurasian continent which appears to merge with the aforementioned wavetrain over the

Pacific region. Over North America, the large scale circulation is dominated by a

positive 500 hPa height anomaly, with the Midwest regions under the influence of

northerly flow from Canada. Compared to 1993, the tropical wind anomalies in 1988 are

stronger, as evident in the 200 hPa geopotential anomaly (Fig lc, right panel), which

shows large negative divergence (subsidence) over the central equatorial Pacific, and

positive divergence (ascent) over the Indian Ocean. The divergent circulation anomaly
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can be identified with the eastward shift of the Walker Circulation during the La Nifia of

1988. Overall, the observations suggest that the circulation anomalies affecting the US

region may be a part of global circulation pattern with possible sources in the western

Pacific and the Eurasian region.

b. One-point correlation

Although the rainfall and circulation anomaly patterns for 1993 and 1988 are quite

distinct, the central states and Midwest region of the US appear to be a focal point of

some dominant global teleconnection patterns. To explore this, a one-point correlation

map of the global 500 hPa height and SST fields, keyed to the JJA mean rainfall

anomalies averaged over the region [35-47 ° N, 100-85°W], has been computed. It is

quite clear from Fig. 2a that the rainfall anomalies over the US Midwest region are

connected to a regional circulation pattern which is a component of a global wavetrain

pattern, with linkages to the western Pacific/Maritime continent, and Eurasia. The

correlation pattern remains essentially the same even after the years 1993, and 1988 are

removed from the analysis (not shown), providing evidence that the two events stem from

intrinsic modes that are operative throughout the data period.

The aforementioned circulation anomalies are related to coherent variations of sea

surface temperature over the Pacific and Atlantic oceans as evident in the global SST

correlation map based on the same reference rainfall anomalies as shown in Fig. 2b.

The largest SST loadings are found over the extratropical North Pacific, with large
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negative anomalies in the Sea of Japan and the central North Pacific, and positive

anomalies along the west coast of North America. Above normal SST is found in the

vicinity of the maritime continent, and the Indian Ocean. The SST anomalies in the Sea

of Japan and the oceanic regions surrounding the maritime continent constitute the

characteristic dipole pattern associated with the interannual variations of East Asian

monsoon (Lau et al 2000, and Weng et al 1999). As evident in the lack of a strong SST

signal in the equatorial central and eastern Pacific, the SST pattern shown in Fig. 3b is

not fundamental to ENSO, even though it may have non-zero projection on the

characteristic JJA SST pattern for ENSO (Lau and Wu 1999, and Lau et al 2000). The

extratropical SST pattern appears to be consistent with atmospheric forcing as suggested

by Lau and Nath (1996).

3. Results

a. EOF rainfall analysis

The first EOF explains 20% of the rainfall variance, depicting a dipole rainfall

patterns with centers over the Midwest, and the east and southeastern states (Fig 3a).

This pattern is similar to that occurred during 1993 (see Fig. la). The second EOF mode

shows a continental scale rainfall anomaly centered over the Midwest and central states,

with anomalies of the opposite sign over the southwest and the northeast (Fig.3b),

capturing much of the rainfall anomalies in the summer of 1998. The principal

components (PC) in Figs. 3c and 3d show that both EOF1 and EOF2 projects strongly on
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the 1993Midwestflood, andthatEOF2alonecontributeto thedroughteventof 1998.It

is notedfrom thetwo PCsthatin thedecadesafter the late1970's,thereis an increasein

the amplitude of the fluctuations. We find that N (= 15) EOF modesare neededto

accountfor 90% of the total rainfall variance, and accordingto the rule-of-thumbof

Brethertonet al (1999),weestimatethe effectivenumberof spatial degreesof freedom

in therainfall field to beN -1 (=14). Thedegreeof freedomwill beusedto estimatethe

confidencelevel in thesubsequentcorrelationcomputations.

b. SVD Analysis

1) RAINFALL AND 500HPA HEIGHTFIELD

As stated in Section 2, SVD analysis is carried out to facilitate the physical

interpretationof the dominantrainfall patterns,with respectto the large-scaleforcings.

Figure 4 shows the spatial and temporal pattern of the first SVD modes (Mode-l)

betweenUS rainfall and500 hPaheight field in thedomainsshown. Mode-I explains

32%of the squaredcovariancebetweenthetwo fields,andfeaturesa rainfall patternthat

is broadlysimilar to that for EOFI, with a dipole structurelinking rainfall anomaliesin

theMidwest andnortherncentralstatesto anomaliesof the oppositesign in theeastern

and southeasternstates. More interesting, the Mode-I rainfall patternappearsto be

associatedwith a 500hPacyclone-anticyclonecoupletover thenorthwestandsoutheast

North America, connectingto anextensivezonally elongatedheight anomaly,which

spansthe NorthPacific, reachingJapanandthenortheasternChina. The zonallybanded
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structureover theEastAsiansector(110° -150° E) canbe identifiedwith acharacteristic

patternarising from the fluctuationof theEastAsianjetstream (Lau et al. 2000). The

PC(Fig.4c)showsthat Mode-1hasthelargestpositiveprojection(>2 standarddeviation)

in 1993,but hasnegligible contribution in 1988. Large projections (> one standard

deviation) are also evident in other years,notably 1994, 1989, 1968, 1967, 1961and

1955,suggestingthatMode-1mayrepresentrecurringclimatemodes.

ThesecondSVD mode(Mode2) in Fig. 5adepicts awidespread,continentalscale

rainfall patternwith centerover the centralU.S. with anomaliesof the oppositesign in

the northwestand the southwestsimilar to that shownin EOF2. Associatedwith the

rainfall pattern is a pronouncedwavetrain spanningthe entire North Pacific, which

appearsto emanatefrom the EastAsia/Japanregion (Fig.5b), similar to the correlation

mapshownin Fig. 2a. In Mode-2,muchof the continentalNorth Americais dominated

by a pronouncedhigh centeredto thenorthwestof the GreatLakes,while thenorthwest

andAlaskaarecontrolledby aprominentlow. ThePCs(Fig. 5c) showlargeamplitude

swings,producingrainfall deficits over thecentral US for recentdecadesin 1983,1988

and 1991,while rainfall excessesare noted in 1982, 1992, and 1998. During 1993,

Mode-1dominates,but Mode-2contributessignificantly, reinforcing to yield excessive

rainfall over the Midwest region. During 1988,Mode-2 is the dominantcontributor to

thecontinentalscalerainfall deficit. As weshall showlater, the causesof the observed

rainfall anomalies for all years depend largely on the interplay of the physical
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mechanismsunderlyingMode-1andMode-2. Higher modescontributeto sub-regional

scalevariability, which maybe importantfor individual years(seeSection3d for further

discussion).

2) RAINFALL AND SST

To reassure the physical consistency of the aforementioned rainfall and

teleconnectionpatterns,we havecomputedthe SVD patternsfor JJA rainfall and SST

over the domain shown in Fig. 6. Again, the Midwest-East Coast rainfall dipole

emergesas the dominantmode (Fig. 6a). The similarity of the SST-basedand the

height-basedrainfall patternsleaveslittle ambiguity that they are intrinsic modesof the

system. Although the Mode-I SST pattern has someresemblanceto El Nifio SST

anomalyin the tropics, it hasdistinct featuresthat arenot typical of El Nifio. The most

prominentfeatureis a largepool of zonallyorientedcold waterin thenorthPacificalong

40° N, which coincideswith the 500hPaanomalyassociatedwith Mode-I (seeFig. 4b).

The extratropicalcold tongueover the westernPacific coupledwith the warm water to

the south over the East China Seaand oceanic regions surrounding the maritime

continentprovidea region of increasedmeridional SSTgradientoff the coastof East

Asia. This increasedgradientis an importantfactor in governingthefluctuation of the

summertimeEastAsianjetstreamandthewestPacific subtropicalhigh (Lau et al 2000).

The PCs shown in Fig. 6c, are highly correlatedwith those shown in Fig. 4c. A
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regressionof the PCof SVDI of US rainfall and500 hPaagainstSST(not shown)can

reproducethesameSSTfeaturesshownin Fig. 6b.

Similarly, thecontinentalscalerainfall variability of Mode-2is capturedby SVD2of

the coupled rainfall-SST analysis (Fig. 7a). The SST pattern in Fig. 7b showsthat

associatedwith a below-normalrainfall condition over thecentralUS, thestrongestSST

signal is foundin the extratropicswith warm anomalyin thesubtropicalcentralPacific,

cold anomaliesin theNorthPacific,southof theKamchatkaPeninsular,andtheGulf of

Alaska andoff the westcoastof North America. Cold water is also found over in the

Atlantic adjacentto the eastcoastof North America. The cold SST surroundingthe

North America continent and the warmer land temperatureassociatedwith reduced

rainfall, may haveprovidedthe anchoringfor the portion of the wavetrain found over

North America associatedwith Mode-2(seeFig. 5b). The Mode-2SSTpatternis quite

similar to theone-pointcorrelationSSTmap,basedonarea-averagedMidwestrainfall, as

shownin Fig. 2b.

3) GLOBAL TELECONNECTIONS

In this section,we furtherexplorethe physical underpinningsof theteleconnection

patternsassociatedwith Mode-I and Mode-2. Regressionof the Mode-I PC of US

rainfall-SST againstthe global 500 hPageopotentialand 850 hPawind and 200 hPa

velocity potential have beencomputed. For Mode-I (Fig.8a), a pan-Pacificjetstream

patternemergesas the most distinct featurein the 500 hPa field. In addition, wave

12



signalsarenotedover westernEuropepossiblyconnectingwith the Atlantic regionvia

the polar regions,similar to thoseshownin Fig. 2a. The 850 hPawind anomaly is

consistentwith the 500 height anomaly,indicating quasi-geostrophicflow, with deep

verticalstructureat leastup to themid-troposphere.OvertheUS continent,theenhanced

low level flow from the Gulf region into the US Midwest, is quite obvious. Figure 8a

strongly suggeststhat the regionalcirculation over the US is a part of a global pattern

associatedwith extratropical stationarywavesandjetstream variability along latitude

belts between30o-60° N. Mode-I also featuresstrong low-level wind signal in the

equatorialcentral Pacific and the maritime continent. The 200hPavelocity potential

regression(Fig.8b)suggeststhat Mode-1maybe relatedto the fluctuationof theWalker

and localHadleycells, driven by heatsourcesandsinks in thewesternPacific/maritime

continentandtheMexican monsoons. The divergentcirculation associatedwith these

overturning ceils may cause the midlatitude jetstream to accelerateor decelerate,

effectively providing a source of vorticity for downstream wave development

(Sardesmuckh and Hoskins 1988, and Lau and Peng 1992). The association of Mode-I

with the Walker circulation, however may only be partial, because the jetstream may

also be influenced by polar processes, which are not well represented by the velocity

potential.

The Mode-2 regression pattern suggests a global Rossby wave pattern, with an

apparent heat source in the equatorial Indo-Pacific region (Fig. 8c). The low-level
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anticyclonic featureto the northeastof thePhilippinesis a characteristicfeatureof the

Asiansummermonsoonwhichregulatestherainfall of EastAsia (Wanget al 2001,Lau

et al 2000,Lau and Wu 2001). The apparentheatsourceis evidencein the divergent

center in the Indian Ocean in Fig. 8d. Elsewhere, the upper level divergent and

convergentpatternsare consistentwith the wavetrainsignal shown in Fig. 8c. The

overall velocity potential patternsuggeststhat in additionto heat sourcesof the Indo-

Pacific monsoon,thoseassociatedwith the Mexican monsoon may be important in

forcingtheMode-2response.

c. Rainfall reconstruction

To determine the contributions of various SVD modes, and by inference their

underlying physical mechanisms, to specific occurrence of precipitation extremes, Fig.

9 shows the mode-by-mode reconstruction of rainfall anomaly from the SVD modes for

the great summer flood of 1993. It can be seen that Mode-I alone (Fig. 9a) capture the

Midwest-east coast rainfall dipole and almost all the observed anomaly features (Fig. 9f).

The correlation of SVD1 and the observation is 0.83. Addition of other modes does not

alter much the correlation, but increases the explained rainfall variance. Hence for the

1993 event, Mode-1 and by inference its underlying dynamics, i.e., East Asian jetstream

variability, is important in contributing to the observed rainfall anomaly pattern.

The rainfall reconstruction shows a somewhat more complex situation for 1998

(Fig. 10). Here, the contribution of Mode-I is almost negligible, with a spatial
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correlation lessthan 0.1. The addition of Mode-2 increasesthe correlation to 0.4.

Higherorder modesare requiredto increasethe explainedvarianceandto fine-tunethe

locationsandthe magnitudeof theanomalies. However,re-constructioneven up to the

first five modes,yields a correlationthat is lower (= 0.55) comparedto the 1993case,

suggestingsomehigher order processesnot included in the global modes may be

important for the 1988 drought. The importanceof Mode-2 in 1988 suggeststhat

wavetrainexcitedfrom convectionovertheIndo-Pacificmonsoonregionmaybe,at least

partially important, in forcing the large scale circulation anomalies, and in pre-

conditioning the 1988 US drought. However, the East Asian jetstream variability

(Mode-l) appearsto havelittle impactin 1988.

Figure 11showsthecumulativeanomalycorrelation(CAC) for the first five modes

for all years.Thedominantcontributionof Mode-I to theobservedrainfall anomalyis in

1993is obvious(> 99%confidencelevel). Mode-1alsocontributesignificantly (>95%

confidencelevel) in otheryears,i.e., 1998,1994,1990,1989,1987,1971and 1955. By

comparison,strongMode-2events(greaterthanor closeto 95% confidencelevel) occur

with lessfrequency,notably in 1995, 1988, 1976and 1958. The inclusion of higher

ordermodegenerallyincreasesthe CAC. Notice that thereappearsto bean increasein

theCAC for thefirst five modes,andincreasingfrequencyof strongMode-I contribution

after the late 1970s. Table 1 summarizesthe statisticsof the relative importanceof

Mode-1 andMode-2 in contribution to US summertimeprecipitation anomalies. The
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combinationof Mode-I andMode-2producesa CAC thatis equalto or exceedsthe99%

confidence level for 23 out of the past 44 years. Noteworthy is the increasing

contributionby Mode-I in the decadesafter 1977,possiblyrelatedto thesecularshift in

the Walker Circulation (Kumar et al 2000, KrishnamurthyandGoswami2000). The

increasingdominanceof Mode-I onUSsummertimeprecipitationanomaliesmayalsobe

relatedto theshift towardsawarmertropical SSTandacorrespondingshift in theglobal

circulationbeforeandafter the 1976-77 asnotedin a numberof previousstudies (Lau

andWeng1999,andGraham1994).

Similarly, theCAC canbecomputedusingthe SST-PCsinsteadof therainfall-PCs

(Fig.lib). The CAC basedon SST-PCprovidesan estimateof the maximal rainfall

informationcontentthat canbederivedfrom "perfect" knowledgeof the SST field. As

expected,thereis ageneralreductionin theCAC basedon SSTcomparedto thosebased

on rainfall, becausethecouplingbetweenSSTandrainfall is far from perfect. However,

for the "tall poles", the reductionin CAC contribution by Mode-I and Mode-2 is only

minimal. Most of the reductionoccurringwhentheCAC is alreadynot very high. This

suggeststhat SSTanomaliesaremore likely to makean impacton the US summertime

rainfall anomaliesonly in conjunctionwith theoccurrenceof Mode-I and/orMode-2.

4. Further discussions

In this section, we examine the converse of the teleconnection linkages suggested

by the results of the previous sections, i.e., teleconnection arising from Asian monsoon
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anomalies.Weng,Lau andXue (1999) andLau andWeng (2001)(hereafterreferredto

asWLX andWL) haveidentified theintrinsic modesof co-variability of China rainfall

andglobal SSTusingSVD andregressionanalyses. However,their analysesincluded

both interannuaiandlonger-termvariations.Here,wehavere-computedtheSVD modes

of China rainfall and SST for interannualcomponentonly (< 8 years)as for the US

precipitationto facilitatethecomparisonbetweenthetwo analyses.

a. Teleconnection patterns associated with Asian monsoon variability

Three intrinsic modes, which are nearly identical to those reported in WLX and WL

have been identified. Briefly, the first is the ENSO-monsoon mode, which portrays the

direct impact of ENSO on the Asian monsoon, with a teleconnection pattern that

describes the eastward shift of the Walker circulation and the global monsoon circulation

associated with ENSO (not shown). The second and third are regional modes associated

with the fluctuation of the East Asian monsoon and regional SST variability. The readers

are referred to WLX and WL for more detailed discussion of these intrinsic modes. Here,

only features directly relevant to teleconnection patterns of Mode-I and Mode-2 will be

discussed.

The second China rainfall-SST mode (SVD2) in Fig. 12a shows a zonally oriented

rainfall band over the Yangtze River region along 30 ° N, with anomaly of the opposite

sign in southern China . The co-varying SST pattern for SVD2 (Fig.12b) depicts a

meridional SST dipole off the coast of East Asia, as noted in the SST pattern for Mode-I
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(seeFig. 6b). The third SVD mode(fig. 12c)showsa rainfall patternwith the centerof

positiveanomaliesshiftednorthwardto northernChinaneartheHuai River,with reduced

rainfall southof theYangtzeRiver. This rainfall patternis associatedwith extratropical

wavelike SST anomalies(Fig.12d) which resemblethoseshown in Fig. 6b. The

regressionsof the PCsof the aforementionedregional monsoonmodesagainstthe 500

hPageopotentialand850hPawind field areshownin Fig. 13.

The SVD2 teleconnection(Fig. 13a)is similar to thatof Mode-l, andimpliesthata

positive rainfall over the YangtzeRiver regionmay be linked to enhancedrainfall over

US Midwest. The relationshipis physically plausiblybecausetheMei-yu rainfall over

the Yangtze River is strongly controlled by the fluctuation of the East Asian jetstream

associated with the variations of the local Hadley circulation (Lau et al 2000). As we

have shown in previous sections, the precipitation anomaly over the US Midwest is

governed by the cyclone-anticyclone couplet that regulates the amount of moist Gulf air

reaching the Midwest region. Our results indicate that these two widely separated

regional features could be linked by jetstream variability as part of a global recurring

climate mode.

Similarly, the SVD3 teleconnection (Fig. 13b) suggests the presence of a symmetric

heat source in the Indo-Pacific region with Rossby wave patterns, which are governed by

wave energy dispersion on the sphere (Nitta 1987). The waveguide set up by the East

Asian jet will be important in determining the exact path along which the Rossby
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wavetrain propagates. Alternatively, the wavetrain may also be a manifestationof

instability of the summertimemonsooncirculation (Lau and Peng 1992). The heat

sourceis relatedto, amongothers,the east-westshift of the positionof thesubtropical

high, resulting in generation of a low level anticyclone off the northeast of the

Philippines,which causestheEastAsian Mei-yu rain belt to shift north of the Yangtze

River.

b. Asian monsoon indices

In this subsection, we offer additional evidence pointing to the presence of

teleconnection signals linking the Asian and the North American continent in boreal

summer. In a recent paper, Lau et al (2000) classified the Asian summer monsoon into a

South Asia and a Southeast-East Asian component, distinguishing the former as the

"classical monsoon" and the latter as the "hybrid monsoon" having strong tropical as well

as extratropical dynamical characteristics. It was pointed out that the East Asian

monsoon is an effective "communicator" of monsoon effects to other global circulation

systems, because of the influence of the East Asian jetstream. They also proposed a

regional East Asian monsoon index (EAM), which is a measure of the meridional shift in

the position of the East Asian jet, associated with rainfall variability over regions

covering central and North China, Korea and Japan. Similarly, Wang and Fan (1999)

and Wang et al (2000) proposed an index for the Western North Pacific Monsoon

(WNPM), focusing on variability of convection over the western Pacific near the
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Philippines. Thesetwo indicesarenot entirely independentbut may beconsideredas

basicmeasuresof thedistinctregionalcomponentsof theAsiamonsoon.

Fig. 14showstheregressionof 850hPawind andrainfall anomaliesoverChinaand

US againstEAM and WNPM indices respectively. The EAM regressionshows a

wavetrain pattern linking summertimerainfall anomaliesover East Asia and North

America, connectedby a stronglow level cyclonic flow over the centralNorth Pacific.

This patternappearsto be thecounterpartof Mode-l, with strongsignalsoverEastAsia,

somewhatweakerbut discerniblesignalover the US. Over EastAsia, the rainfall hasa

dipole pattern,with abovenormalrainfall over centralChina andbelownormal rainfall

over northeasternChina. Over the U. S., the Mode-I rainfall dipole is very clear.The

regressedrainfall magnitude(order of 15-20mm) is comparableto that of theobserved.

Sincethe EAM is essentiallyan index derived from the fluctuation of the East Asian

jetstream, the present results further underscorethe importance of the East Asian

jetstreamin effectingtheMode-1teleconnection.

Similarly, the WNPM regressionindicatesa strongwind signalover theequatorial

Indo-Pacific region (Fig.14b). Clearly theWNPM regressioncapturesthevariability of

theAsian monsoonin theequatorialregion,asevidencein the strongeasterlywind from

the westernPacific acrossIndochina and India. The signaturesof the West Pacific

anticyclone,andzonallybandedwind structurealongthecoastof EastAsia characteristic

of the East Asian monsoonare also very clear (Lau et al 2000). The rainfall pattern
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suggestsanorthwardshift of the rainfall into northern China, and an expansion of the dry

region to the eastern and central U.S, signaling a continental drought. The wind and

rainfall patterns associated with WNPMI suggest a mixture of Mode-1 and Mode-2

responses.

5. Conclusions

In this paper, we have presented evidence that summertime precipitation anomalies

in the North American continent and in the Asian monsoon regions may be linked by

teleconnection patterns which are components of recurring global climate modes in

boreal summer.

Two dominant climate modes governing precipitation anomalies over the U. S. have

been identified using EOF, SVD and regression analyses. The first mode (Mode-l)

features an inverse relationship between rainfall anomaly over the Midwest/central states,

and the eastern/southeastern regions, and an atmospheric teleconnection pattern that

spans Eurasia, the North Pacific, North America and the Atlantic. The pattern consists

of extensive, zonally oriented 500 hPa height anomalies over the North Pacific, a high-

low mid-tropospheric geopotential couplet over the northwest and southeast of the US

continent, and a low level meridional flow over the Great Plains, which regulates

moisture transport from Gulf of Mexico to the Midwest and Central States. Mode-I is

found to have outstanding contribution to the great flood of the Midwest in 1993, and

also have large contributions in other years, notably 1998. While the associated
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circulation and SST patterns have non-zero correlation with El Nifio, Mode-1 appears to

depict a distinct circulation system arising from fluctuation of the East Asian jetstream,

and variations of SST in the North Pacific. Compared to the previous bi-decade (before

1977), the last bi-decade (after 1977), Mode-I appears to be increasingly important in

contributing to summertime rainfall anomaly over the US.

Mode-2 portrays a rainfall deficit (excess) over the central US and the east, with

opposite sign rainfall in the west, coupled to a large scale mid-tropospheric high (low)

over the central and eastern US continent. This mode is associated with a pan-Pacific

wavetrain connecting the subtropical western Pacific, via the Aleutians to northern North

America. Mode-2 is consistent with Rossby wave dispersion derived from fluctuation of

anomalous heat sources and sinks in the western Pacific and Indian Ocean, as well as

marginally unstable summertime basic state found in previous studies (Nitta 1987, Lau

and Peng 1992). Results suggest that tropical heating in the western Pacific and

wavetrain dynamics (via Mode-2), may be important contributing factors to the severe

continental scale drought over the US continent in 1988, and to similar but less severe

large scale rainfall deficit over the central US in other years.

Complementary to teleconnection pattern based on US rainfall, we find that

fluctuations of the East Asian monsoon rainfall based on mode decomposition as well as

monsoon indices can give rise to teleconnection patterns resembling Mode-I and Mode-2

derived from US rainfall anomalies. Overall, our results suggest that remotely separated
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regionally circulation features,which controlsrespectivelydroughtsandfloods over the

US andEastAsia, maybe linked via recurringglobal modeswhich areunderpinnedby

jetstreamdynamics,andtropical heatingin the Asianmonsoonregions. Arguably, these

globalmodesmaybeimportantin pre-conditioningthelargescalecirculationto facilitate

regionalscaleland-atmosphereinteractions,leadingto theoccurrenceof majordroughts

andfloodsoverNorthAmericaandEastAsia.
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Table 1 Numberof timeswhenthereconstructedrainfall from Mode-1and/or Mode-2

exceedthe95% and99% confidencelevel, whencomparedto theobservedrainfall from
1955-1998(44years).

Before1977

> 95% >99%

After 1977

> 95% > 99%

Mode-1 alone 2 1 6 3

Mode-2 alone 2 0 2 0

Mode 1+ 2 8 5 15 10
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Figure Captions

Figure 1. Observed seasonal (JJA) precipitation total and seasonal mean circulation

anomalies: a) rainfall over the US continent, b) 200 hPa velocity potential and

divergent wind and c) 500 hPa geopotential and 850 hPa winds for 1993 (left

panels) and 1998 (right panels).

Figure 2. One-point correlation of JJA mean rainfall anomaly over US Midwest region

(shown in outlined box) with a) 500 hPa height and b) SST. The contour

interval is 0.1. Correlation values larger than 0.3 (> 95% confidence level) are

dark (positive) and light (negative) shaded.

Figure 3. Spatial distribution and principal components of JJA US rainfall anomalies

for a) EOFI and b) EOF2. The contours in the spatial pattern have been

scaled by the standard deviation of the rainfall variability with contour

interval of 10 mm, and with the positive values shaded. The principal

components are non-dimensional.

Figure 4. Spatial patterns of SVDI between JJA US rainfall and 500 hPa geopotentiai

height for a) US rainfall, b) 500 hPa geopotential height, and c)

corresponding principal components (non-dimensional). The contour interval

is 10 mm in (a), and that is 2 gpm in (b). Positive values are shaded.

Figure 5. Same as in Fig. 4, except for SVD2.
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Figure 6. Same as in Fig. 4, except for SVD1 between US rainfall and SST. The

contour interval is 10 mm in (a) and 0. I°C in (b)

Figure 7 Same as in Fig. 4 except for SVD2 between US rainfall and global SST.

Figure 8. Global regression of a) 500 hPa height and 850 hPa wind, and b) and 200 hPa

Figure 9.

velocity potential and divergent wind against the principal components of

Mode-l; c) and d) are the same as a) and b) respectively, but for Mode-2.

Mode-by-Mode reconstruction of observed JJA US rainfall anomalies for

1993, based on SVDs between US rainfall and global SST. The contour

interval is 20 mm.

(negative) shaded.

Values larger than 80 mm are dark (positive) and light

Figure 10. Same as in Fig. 9, except for 1988 JJA.

Figure 11. Cumulative anomaly correlation between reconstructed and observed rainfall

anomalies using the first five SVD modes based on a) PC for rainfall, and b)

PC for SST. Contributions from Mode-l, Mode-2 and Mode 3-5 (combined)

are indicated by heavy, medium and light shaded bars, respectively.

Figure 12. Spatial distribution of SVD2 (upper panels) and of SVD3 (lower panels)

between rainfall over China and global SST. The contour interval for rainfall

(left panels) is 20 mm, and that for SST (right panels) is 0.1°(2. Positive and

negative values are dark and light shaded, respectively.
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Figure 13. Linear regressionof 500 hPageopotentialheightand 850hPawind against

the principal componentsof (a) SVD2 and(b) SVD3 betweenChina rainfall

andglobal SST.

Figure 14. Linear regression of 850 hPa wind and rainfall over China and the US against

a) the East Asian monsoon index and b) the Western North Pacific Monsoon

index. See text for definition of indices.
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